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Abstract
This paper explores the advantages of simulation to raise the question of how digi-
tal and social networks affect the mobility in a pastoralist artificial society in the 
context of environmental degradation. We aim to explore mechanisms and develop 
scenarios, which are going to be validated through further research. We use a model 
of a simple pastoralist society in a world without borders to migration by adding 
the possibility of experiencing the effects of social structures (such as family and 
friends) and technological networks (e.g., social media). It appears obvious that pas-
toralist mobility depends on other dimensions as land tenure and traditional knowl-
edge; however, isolating these two effects and experimenting in a simple society 
allow us to filter the multidimensionality of mobility decisions and concentrate on 
comparing scenarios in several different social structures and technological network 
combinations. The results show an expected behavior of more connection and more 
mobility, and a non-linear emergent behavior where pastoralists wait for a longer 
amount of time to mobilize when they interact using powerful social and technologi-
cal networks. This occurs until they decide to move, and then, they mobilize more 
quickly and strongly than they did when communication was non-existent between 
them. The literature on migration explains this emergent non-linear behavior.

Keywords  Mobility · Networks · Agent-based modeling · Pastoralism · 
Environmental degradation

Introduction

Freedom of movement is defined as a human right (Universal Declaration of 
Human Rights, Article 13); however, this principle is far from being respected, 
or even accepted, as a model for a desirable future society. Pastoralists face 
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increasing constraints to land access [23], specifically due to changes in land 
tenure and land-use systems (e.g., expansion of agricultural areas, new natural 
conservation areas, and land fragmentation) which affect the widespread pastoral-
ism in sub-Saharan Africa [38, 39]. Their social networks are an important asset 
of pastoralists representing social interaction and cascade effects [12], and non-
linear behavior such as steam and counter-steam [68]. Moreover, environmental 
degradation increases restrictions and pressure to provide water and feed (pas-
tures) [20]. However, there have recently been positive developments for pastoral-
ists. New technologies, in particular cellular phones, have increased income in 
Africa in 2011 by an estimated 3.5% of Gross Domestic Product [14] for these 
specific communities of pastoralists, because they allow decisions to be made 
with current information, reducing market, and climatic risks [20]. The pastoral-
ist economy can be divided into production (herding) and trading. Regarding the 
commercial aspect, the use of cellular phones has been well studied and shown to 
increase and optimize livestock trades, but, for herders, it may not lead to more 
efficient management of resources [14]. There are several reasons to explain this 
phenomenon. Cellular phones, while widely used by pastoralists, are complemen-
tary and not a substitute for the local social structures when obtaining informa-
tion. Moreover, herders may not have discovered the full potential of this technol-
ogy yet [14, 20]. New research is needed about the way pastoralists exercise their 
right to mobility in a world with resource restrictions, where the largest flow of 
information occurs in a context of complementarity between local social struc-
tures, like families and ethnic groups, and how the cellular phone acts as a form 
of digital network. Our modeling approach is based upon the so-called “Sugar-
scape” model, which was designed by Epstein and Axtell [26] and experimented 
with a simple seasonal mobility, showing that agents mobilize in a restricted area 
(one hill) or they hibernate [26]. We have given actors the possibility to com-
municate between them which opens this well-known model to the research on 
mobility and migration, because the actors start to look for other territories out-
side of their own hills.

In this research, we implement an artificial world with resource constraints 
facing environmental degradation and analyze how different forms of networks 
affect mobility using analysis elements of mobile agents, migration theory, and 
the impact of new technologies. Facing environmental degradation, the pressure 
to increase mobility becomes greater in a pastoralist world. Therefore, we focus 
on this as a starting point for our simulation. We are aware of the complexity 
of mobility decisions in the context of pastoralism. Nevertheless, we argue that 
agent-based modeling is an appropriate tool for modeling mobility rules that pro-
duce complex results [57]. Our main contribution is showing the ability of inter-
disciplinary efforts combining pastoralism, networks, and agent-based modeling 
to generate answers to complex questions with new network technologies for 
herders under an agent-based perspective. Moreover, this paper provides discipli-
nary contributions showing how these simple rules of mobility can reach complex 
results and adding knowledge to the several literature streams. As an example 
for the pastoralism literature, the effect of new technology matters for networks 
of pastoralists helping them to more quickly discover new land, but it does not 
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generate a major change of the results. To the network literature, we present a 
first implementation of a network model from an agent-based perspective, which 
replicates existing research results like for example stream and counter stream as 
contributions [68]. Also, this paper shows that the networked actors become more 
active instead of hibernating as in the seminal model of Epstein and Axtell [26], 
adding to the agent-based modeling literature. Following the methodological 
principles of complex social simulation [8, 18], this research fulfills the needed 
conditions (socio-techno-natural, multi-scale, and multi- and inter-disciplinary 
complexity) to be considered an “initial model M0” as the literature points out 
[18] and it has been implemented in Netlogo 6.0.4.

The main assumption of this study is that human mobility is a complex process. 
It results from an intricate decision-making, and depends on the socio-economic and 
political situation as well as on social and societal structures, which vary over time 
and space. This makes it difficult to capture migration and mobility in one single 
comprehensive theory. For this reason, we draw on insights of different theories, 
which focus on specific aspects of mobility and migration.

Parallels exist between South–South migration theory and mobility of pastoral-
ist groups. New empirical evidence shows that the largest migratory flows occur 
between South and West Asia, within Africa and from Latin America to North 
America [1]. This fact contradicts many hidden assumptions of traditional migra-
tion theory, since “migration” is often connoted as Global South-to-Global North 
movement [58]. In particular, the largest migration flows demonstrate that global 
migration has a strong South–South character and needs to be reexamined, because 
the traditional drivers of migration do not provide an answer for this phenomenon 
that is potentially significant [1]. A major point of South–South migration theory 
is that social structures have a more important role and borders play a lesser role, 
which is a growing field of research [58, 69]. This view could be complemented by 
the “new paradigm of mobilities” [40, 70] and questions the traditional perspective 
to view standstill and sedentary behavior as normal and migration as deviating from 
this. In contrary, it illustrates how mobility and interconnectedness has always been 
a part of human living conditions [35]. To explicitly account for the facts that mobil-
ity is a consistent part of human life and that most migration movements take place 
as south–south, in this study, we use the more general term “mobility” instead of 
“migration” and understand it as human mobility.

Networks are crucial for changing one’s place of residence [13, 55]. Massey [52] 
defines mobility networks as “sets of interpersonal ties that link migrants, former 
migrants, and non-migrants in origin and destination areas through the bonds of kin-
ship, friendship, and shared community origin.” [52]. Besides, the social networks 
are made up of family, friendship, and community ties to be the key components 
of mobility systems [13]. Family members are reliable and trustworthy sources of 
information, since communication with them is among the most effective. Also, the 
stronger the emotional bonds, the easier it is to maintain them over long distances 
[19, 37, 44, 50]. Furthermore, obligations to family members are long-lasting and 
thus have a significant impact on mobility. For instance, this might include sponsor-
ship for new immigrants [28]. Family ties are considered as typically strong ties, 
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since they embody a strong emotional bond. Weak ties, by contrast, involve connec-
tions between people who only meet occasionally.

To base our research on a well-documented society with resource constraints to 
mobility, we draw on the literature of pastoralists who—for the most part—experi-
ence this kind of world. Pastoralists mostly live in drylands and substantially rely on 
raising livestock to meet their nutritional needs [30, 60]. Many of the regions inhab-
ited in this way show very variable rainfall patterns, and thus, natural resources are 
often scarce and highly fluctuating [23]. These harsh conditions are deteriorated by 
climate change inducing more frequent droughts and floods [31].

Due to the dependence on spatially and temporally variable resources such as pas-
ture and water for their livestock, pastoralists adapt to the environmental conditions 
by various strategies. Mobility of various time and spatial scales is a crucial part of 
adaptation and ranges from moving herds around the campsite to seasonal displace-
ments to other ecological areas [64]. The decision on when and where to move usu-
ally depends on the forage and water quality and quantity but also on the presence 
of diseases and park patrols, among others. To gather and exchange this information, 
social networks are of crucial relevance [14]. Particularly kinship-based groups are 
important, since they serve as an organization structure in many pastoralist societies 
[66]. Information concerning the health and well-being of the livestock is shared 
with family members [14]. Also access rights to pasture are often organized accord-
ing to kin-based groups [7], while information related to herding strategies and graz-
ing locations is shared not only within kinship networks [14].

The recent technological developments offer further possibilities concern-
ing information networks. Especially, the use of cellular phones has proven to be 
invaluable to gather up-to-date information on water and pasture quality, locations 
and market conditions, and the weather forecast [23]. Before moving to a specific 
location, pastoralists often phone ahead to family or friends to estimate the environ-
mental conditions. This saves time, reduces travel costs, and avoids going to dete-
riorated areas. In addition, the market conditions can be better estimated gathering 
information via cellular phones. These advantages may be narrowed by poor net-
work coverage. Pastoralists cope with these problems by calling from elevated areas 
or hanging their phones on high objects to improve connectivity [20]. Others carry 
multiple SIM cards at once to be able to switch to the best-working network [14]. 
The technology-related difficulties are expected to decrease in the near future [42]. 
Furthermore, many of the important deep wells are situated close to villages with 
good network coverage which positively affects pastoralist information exchange 
[20]. Besides, our results show that high or low contact regularity (as frequency with 
which agents come into contact) does not play a major role in the mobility behav-
ior (see Results section). Thus, with new technologies, pastoralists can make more 
informed decisions and reduce their livelihood risks despite not yet extensive net-
work coverage in all areas [20]. This simulated world allows us to examine social 
and digital effects together to analyze their combined effect being more than the sum 
of the individual contributions of social and technological ties. Therefore, we have 
as main supposition: the stronger the joint social and technological ties, the greater 
the mobility. However, it is relevant for the research question of how different forms 
of networks affect mobility to differentiate the effects.
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Ethnic and religious groups as well as professional associations are considered 
as weak-tie networks. Usually, they are based on some kind of common interest or 
solidarity with each other [27] and this is relevant when we are focusing on the role 
of ethnic networks [13, 16]. For instance, associations based on ethnicity may act as 
a nexus for information, help, and social support. In the case of return mobility, they 
might also facilitate reintegration into the home community. Furthermore, ethnic 
networks also support economic adjustment, for instance through job sponsorship 
like employment in an ethnic restaurant [28]. Therefore, based on this literature, we 
can derive and anticipate supposition 1: the stronger the social ties, the greater the 
mobility.

The digital age provides new opportunities for staying in touch complement-
ing the various forms of social networks. Online communication is fast, cheap, and 
media-rich, and allows distant contacts to become more intimate through the possi-
bilities of sending photos, videos, and the use of video phone calls [47, 51]. Studies 
show that online media are indeed used as an important communication channel in 
mobility networks [22, 61] and that experiences of mobility in the digital age differ 
from former experiences [2]. Chain mobility is facilitated, since it is easier to find 
friends and relations abroad who might support one’s journey and arrival [47].

Furthermore, the use of online media can amplify weak ties, since it is easily pos-
sible to connect with each other via Facebook or other social media without the need 
for spatial proximity. Thus, it is easy to revive old contacts and to expand the net-
work of weak ties throughout the journey [21, 61, 75]. This allows access to a broad 
range of information. If a person only stays within his/her close circle of friends 
and family, the possibilities to gather new information are much fewer than if the 
person connects with various acquaintances from different backgrounds [36]. These 
insights support the assumption that digital networks offer better quality and more 
up-to-date information as well as low to zero communication costs. The advantages 
of mobile phone usage have shown to have a positive impact on mobility even if 
areas without coverage lie within the journey [67]. Therefore, supposition 2 is pro-
posed as: the stronger the technological ties, the greater the mobility.

Method

Agent‑based modeling

Agent-based modeling is a simulation method used in multidisciplinary fields like 
complexity science, computational sociology, and game theory [3]. In the social sci-
ences, it is especially useful for modeling social interactions and networks, which 
makes it a popular tool in population and mobility studies [72]. The models are 
based on a set of heterogeneous and autonomous agents, which can act and interact, 
adapt to their environment, and learn [77]. They can be either individual entities or 
collective or aggregated units like organizations or groups [71]. The agent’s actions 
and their relationships are based on decision algorithms which can be grounded on 
knowledge or available data [4] to facilitate robust simulations across a wide range 
of futures [63].
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The aggregated individual attributes, actions, and interactions of the agents can 
lead to the emergence of societal phenomena on the macro-level, which are quali-
tatively different from the individual behavior [10, 11]. Agent-based models excel 
at simulating interactions between the individual agents on the micro-level, societal 
structures on the macro-level, and social networks on the meso-level, as well as how 
these interactions lead to effects across these levels [65]. Furthermore, agent-based 
models are also used when space is crucial, or tipping points, cascade effects, or 
other non-linear effects are to be simulated [17, 77]. Usually, the aim of the models 
is to discover causal mechanisms [46].

Sugarscape

This study is based on the “Sugarscape” model, which was designed by Epstein and 
Axtell [26]. It is an abstract model, but is adequate to simulate basic societal pro-
cesses [33]. The aim is not to transfer results directly to real human societies but 
rather to explore mechanisms and develop scenarios, which can be verified through 
further research. Sugarscape is a fairly general model which allows to simulate vari-
ous social phenomena with little modification. There is already a simple seasonal 
mobility model implemented in Sugarscape, which shows that some agents move 
when winter comes, while other agents hibernate. Winter is represented by reduced 
resources [26].

The Sugarscape world is represented by a 50 × 50 cell grid and simulations are 
run for large time periods, in units of time called ‘ticks’, where one tick represents 
one complete cycle of the program. A landscape is simulated which consists of areas 
with different amounts of resources represented in sugar units and agents are placed 
in random form (see Fig.  1a). In our version of the Sugarscape world adapted to 
mobility, we concentrate all agents on one hill (Fig. 1b) and analyze what happens 
when the agents are interconnected with family and ethnic networks using a digital 
(quick and cheap transmission) or analog (slow and expensive transmission) tech-
nology (Fig. 1c) in their mobility behavior.

Sugar is the resource on which agents depend to survive, and can intuitively rep-
resent wealth, or in this case the quality of a location for grazing of livestock. To 

Fig. 1   Adapting sugarscape to mobility
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accumulate sugar, the sugar patch needs to lie within the vision of the agent. The 
vision of the agent is the ability to perceive the amount of resources (sugar) present 
on a given patch which can be situated vertically or horizontally (not diagonally at 
all) with respect to the position where the agent is located. Through the networks in 
our developed model, the agents are receiving more information about the resource 
distribution from the other related agents. The strength of vision as well as metab-
olism are randomly distributed genetic endowments. The metabolism states how 
much sugar the agent needs to eat per time step in order to survive. As it stands as a 
measure of resource usage per time, it can be taken to represent the size of the herd 
owned by a pastoralist. Therefore, pastoralists with a smaller herd, represented by a 
slower metabolism, can survive for longer from the same amount of sugar than those 
with faster metabolisms. If the sugar of one grid cell is accumulated by an agent, it 
turns to zero and regrows back to its maximum level within a specific time frame 
[26]. For a description of the model in Unified Modeling Language (UML), see 
Fig. 2. UML is the most common form of schematically diagramming models and 
extended used among computer scientists to increase the accuracy of modeling defi-
nition [9, 43]. Each part of the diagram is defined by its function; for example, we 
have a super Class (World), and derived classes (Network, Agent and Patch). Each 
class has attributes (e.g., “metabolism” and “vision” for Agent class) and methods 
(e.g., “go” and “eat” for Agent Class), which are the actions that each class executes.

In the world of Sugarscape, resources are non-uniformly distributed, forming two 
‘hills’ of sugar some distance apart. The distribution of sugar is highest at the cent-
ers of these hills, making them desirable targets for migration. Initially, agents live 
on only one of the sugar hills and in adjacent areas. The other hill is not yet inhab-
ited and thus holds more resources. Environmental change is introduced via a slower 
regrowth rate of sugar. This will deteriorate the survival conditions of agents and 
thus substantially worsen their economic situation. As an adaptation strategy, agents 
can move around to harvest sugar in other, less occupied places. In situ adaptation is 
not possible in this model, so the degradation of the environment provides an impe-
tus for the agents to move; thus representing the high dependence of pastoralists on 
the quality of their spatial location. To move, agents have to be able to afford the 
costs and risks of moving. The decision rule of the agents reads the following:

End the tick on a patch for which the value of utility A (for that patch) is 
maximized

The utility of a patch P is calculated as A = ((IncomeP − IncomeP0) − costs 
− risks).

Where IncomeP is the potential income at patch P, and IncomeP0 is the income 
at the initial patch that the agent occupies at the beginning of the tick. Therefore, 
the agent seeks to maximize the gain in income at each tick, taking into account the 
costs and risks involved in achieving that gain.

At every unit of time, each agent evaluates the patches within their vision in 
terms of this utility A. The patch that offers the maximum amount of utility as per 
this rule is selected as the destination. It is also possible that the patch that offers the 
maximum utility is the one that the agent currently occupies, in which case it will 
not move. Since the mobility costs in such a case are zero, this ensures that the agent 
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will only undergo movement if it finds a patch that affords a better opportunity to 
harvest sugar, despite the costs and risks involved in getting there.

In keeping with the concept of South–South mobility, where borders are less 
important than other processes governing mobility, movement across the field is 
equally costly in all directions, so that no artificial borders are imposed (only the 
natural border presented by the resource-poor area between the two hills), and the 
only impediments to the movement of agents are the costs and risks. Furthermore, 
mobility induces energetic costs proportional to the travel distance [45]. Also, the 
further away the travel destination, the more incomplete the knowledge and the more 
unreliable the gathered information about the place which introduces an element 
of risk to mobility [78]. We assume that the risks are equal to or smaller than the 
mobility costs. The costs are estimated by the travel distance times the mobility–cost 
factor, which is a user-defined parameter. The risks are probabilistic phenomena that 
can incur further costs. Thus, they are estimated by the travel distance times, a ran-
dom factor between zero and the mobility-cost factor [45, 78].

Networks

Moreover, networks are introduced, which influence the agent’s decision to move. 
Agents can build networks with other agents via links. Based on the theoretical back-
ground, we implement family networks and ethnic networks. Out of the perspective 
of each agent, all agents that are within the radius of the vision of the respective 
agent belong to the family network. These networks stand for the emotionally close 
kinship-based groups within which pastoralists predominantly share information, 
and this closeness is here represented by the initial spatial proximity. The ethnic net-
works in turn, depend upon weaker ties. The cell grid is diagonally divided into two 
halves. All agents on the same half belong to the same ethnicity and make up an 
ethnic network. This 50:50 is an arbitrary assumption and it could be any other mix, 
but we decided the 50:50 for the sake of simplicity. We assume that agents always 
tell the truth and the model could be extended by changing this point [73], but it has 
not been the focus so far.

These networks form a medium of information exchange between agents. Since, 
in this model, vision is a crucial element of mobility, acting as a limiting factor on 
how agents can move, the information possessed by an agent is represented by the 
area that they can “see”. Thus, the patches within one’s vision carry with them all 
the information about the pasture quality, weather conditions and possible market 
opportunities. Consequently, agents share these areas with other agents that are con-
nected to them in their networks, providing, as a bundle, all of this information. 
Therefore, being well-integrated in networks grants agents more opportunities to 
migrate. See Fig. 3 for a sequencing diagram summarizing the process in UML [9].
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Simulated scenarios

Social dimension

The network attributes that depend upon the kind of network make up the social 
dimension of the model. The first such attribute is emotional “closeness”. Family 
networks are taken to be emotionally closer than ethnic networks. Thus, agents trust 
their family members the most. This is implemented via a probability of 90% that 
agents trust the information they receive from their family networks. Agents trust 
their ethnic fellows with only 30% probability. The reason why we choose these 
percentages is based on a combination of pragmatism and plausibility. In this case, 
pragmatism is related to the possibility of constructing a sensitivity analysis incre-
menting the value of the variable and decreasing it as a control mechanism. Plausi-
bility is based on the documented fact of a greater trust within the family than with 
ethnic ties [13, 28].

The second attribute “contact regularity” also depends on the kind of network. 
Since agents get in touch with their family more often, the contact regularity is 
higher for this case. They update the information in their family network with every 
tick. In their ethnic network, agents update the information with every third tick.

Technological dimension

The technological dimension is a factor of the point in time that the model repre-
sents. It encompasses the attributes “cost of communication” and “time delay”. Both 
attributes are the same for all agents, but vary for the different runs of the model. 
This represents different points in time, from eras when letter communication was 
predominant until today when communication happens via smartphones. On one 
hand, the cost of communication represents those expenditures that are likely to be 
captured in a monetary form. On the other hand, time delay is here representing the 
technological barriers that are present during the exchange of information and that 
can hardly be overcome with a greater expenditure of money.

For instance, cost of communication was significantly higher in times of letter 
communication than today. Therefore, a higher technological dimension is repre-
sented by lowered costs of communication in the model. The agents have to be able 
to afford the costs of communication to exchange information.

“Time delay” represents the length of time until agents can update their infor-
mation. Receiving an answer via overseas letters takes significantly longer than via 
instant messaging services (e.g., Whatsapp) or social media. In addition, the infor-
mation in the letter is from the point in time when the sender wrote the letter and 
not simultaneous with the receipt of the letter. This means that the information the 
agents receive is not simultaneous but as old as the time delay. Therefore, a higher 
time delay results in agents receiving, and acting on, outdated information. This 
attribute is also the same for all agents, but varies for different runs. In the literature 
about pastoralist communities, networks buffer risk and cost effects of communica-
tion, but are not capable of entirely diminishing it [56, 76].
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Description of scenarios

Scenario 1: social low—technological high (ethnic ties with  new technology)  The 
first scenario combines agents with poor social relation having access to new tech-
nologies. “Social low” (representing the social dimension being set to low) is imple-
mented by agents relying only on ethnic bonds, which corresponds to low trustwor-
thiness and low contact regularity. “Technological high” brings the advances of zero 
cost for communication and zero time delay in the reception of information.

Scenario 2: social high—technological high (close family ties and  new technol‑
ogy)  The second scenario depicts a situation with family networks and new tech-
nologies. “Social high” depicts agents having family networks which feature high 
trustworthiness and high contact regularity. “Technological high” is described above.

Scenario 3: social low—technological low (random ethnic ties)  The third scenario 
represents a situation of agents being neither technologically nor socially well con-
nected. “Social low” is implemented as described above and “technological low” 
represents agents being obliged to pay for communication and receiving information 
only with a time delay.

Scenario 4: social high—technological low (close family ties)  This scenario intro-
duces socially well-connected agents relying on old technologies. “Technological 
low” is implemented as above.

Scenarios 5–12: altering the ideal types of the first four scenarios  To complement the 
first analysis of the four ideal types that allows us to compare plausible scenarios, we 
changed the specific combinations of parameters to identify the individual contribu-
tion of the different parameters.1 Opening the social dimension (changing trust and 
contact regularity) shows the most interesting results presented in Fig. 4. Opening 
the scheme of the ideal types, we created 8 scenarios for the social dimension, which 
we labeled according to the first scheme of Table  1 (low social dimension = only 
ethnic bonds communicate, high social dimension = all bonds communicate; low 
trust = 30%, high trust = 85%; low contact regularity = every 3 ticks, high regular-
ity = every tick) for Fig. 4.

A similar analysis was carried out on the technological dimension. The results are 
as expected (high communication costs prevent mobility). Because our focus is on 
the social sciences, these latter results were placed in the Appendix of this article.

Additional parameters

Since mobility is not clearly defined, several measures are possible. For a compre-
hensive analysis, it is reasonable to compare the different measures:

1  The authors thank one of the reviewers for this idea.
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Mobility as final distance traveled

This is a geographically based definition of mobility. It counts the distance between 
the starting point of an agent and the final point when the run stops. Mobility is then 
defined as the average over the distances agents traveled.

Mobility as number of agents moved to the other hill

This definition stems from discussions about individuals having to cross a natural or 
man-made border in the course of moving. This border is represented by the region 
between the sugar hills which offers only very few resources. Thus, the definition 
encompasses the number of agents that moved from their original sugar hill to the 
other one, thus possessing the resources or the network connections enabling them 
to cross this barrier.

Mobility as sum over all distance moved

This definition has its background in current academic discussions on mobility as 
a comprehensive topic including various kinds of mobility [34]. Thus, all distances 
agents ever moved are counted and averaged. This differs from the geographically 
based definition of traveling agents that return to their original position will be 
counted as having moved a nonzero distance.

Social dimension 
Low Trust Low Contact regularity – Scenario 5

High Contact regularity– Scenario 6

High Trust Low Contact regularity– Scenario 7

High Contact regularity– Scenario 8

Low Trust Low Contact regularity – Scenario 9

High Contact regularity– Scenario 10

High Trust Low Contact regularity– Scenario 11

High Contact regularity– Scenario 12

low

high

Fig. 4   Opening the social dimension
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Results

Table 1 shows the four different scenarios of the adapted Sugarscape model defined 
according to the initial conditions used to vary the model. The first column typolo-
gizes the different scenarios based on how the network was originally settled and 
the social and technological relations behind it (social and technological ties in 
high and low dimensions). The other components, namely the initialization condi-
tions and environmental degradation, complement the model specification and its 
initialization.

The results were generated with Netlogo 6.0.4 and show three different versions 
of mobility in Fig. 5 (final distance, agents moved to the other hill, and sum of dis-
tance moved). The X-axis remains constant (date) throughout the four scenarios, 
with time characterized in the form of ticks (see Fig. 5). The ticks are a fictitious 
unit that represent the completion of one cycle of the entire program. It could be a 
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Fig. 5   Sensitivity of mean results with Delta = 10% (1000 simulations)
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day, a week, or another measure of time. There are two different graph measures for 
the Y-axis. The Y-axis located on the left of the diagram shows the final distance 
and agents moved to the other hill and the scale located on the right corresponds to 
the sum of distances moved for each scenario, respectively.

Scenario 1: social low—technological high (ethnic group and new technology)

The first scenario combines agents that are poorly related socially but with access 
to new technologies. Both “social low” and “technological high” are implemented 
as described in Table 1. This scenario demonstrates how, over time, mobility in its 
three forms in almost all the cases increases. This increase occurs in a non-linear 
way allowing almost half of the individuals in the experiment to reach Sugarscape 
B. The form of mobility shows a non-linearity in the three definitions of mobility. 
While the agents begin to move very quickly (noticed in the exponential increase of 
the two distance measurements) until after 10 ticks, agents remain in Sugarscape A. 
From there, the discovery effect happens and is transported through special techno-
logical networks. This produces the rapid increase of agents changing from A to B. 
The number of agents reaching Sugarscape B demonstrates this. Finally, the series 
stabilizes after some agents (two agents on average) return to Sugarscape A, reach-
ing a balance between the available resources and the number of agents stabilizing 
with around 20 agents in Sugarscape B.

Scenario 2: social high—technological high (family and new technology)

The second scenario depicts a situation with family networks and new technologies. 
The effect of the interaction of both social and technological networks produces an 
increase in (almost continuous) mobility in the variants studied during the time. This 
increase also occurs in a non-linear way where more than half of the individuals 
in the experiment reach Sugarscape B. A similar non-linearity is maintained in the 
three definitions of mobility that provide the shape of movement of agents through 
the artificial world. While the agents begin to move in a fast manner (noticed in the 
exponential increase of distance measurement from point A) up to and before nine 
ticks, no agent reaches Sugarscape B. From there, a stronger discovery is produced 
than in the previous scenario. This rapid increase of agents from A to B is demon-
strated in the number of agents reaching Sugarscape B. It should also be noted that 
the series does not stabilize once the agents reach the maximum in Sugarscape B 
due to a return effect. Approximately 30% of those who reached B return to their 
place of origin (Sugarscape A) to stabilize at a point similar to the previous scenario 
(around 20 agents).
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Scenario 3: social low—technological low (random ethnic ties)

The third scenario represents a situation where agents are neither technologically 
nor socially well connected. This scenario presents a more stable result in stages 
than the first two scenarios, demonstrating the actors’ increase in mobility. It is 
interesting that during the first stage, what we have described as discovery occurs 
almost from the beginning of the experiment. After reaching a peak of mobility, 
some actors become seasonal migrants, reaching point B and returning to point A 
where they began their mobility. In this seasonal variation of the number of actors 
reaching point B, we can observe a mechanism toward stabilization as the peak and 
return of actors decreases.

Scenario 4: social high technological low (closeness family times)

The last scenario shows a very special result, as it starts in the same way as pre-
viously with a discovery phase, and quickly reaches stability. The reason for this 
behavior can be found in the strong importance of family networks and the weak 
effect of technological networks.

A sensitivity analysis was carried out in which different parameters were tested 
with changes between ± 5% and ± 10%; however, we only present the ± 10% results 
for the sake of clarity, because the results with ± 5% did not add new information. 
From these variations in the initial conditions of the model, behavior over time is 
generally stable and does not affect the behavior of the model (see Fig.  5). This 
shows a certain robustness of the results where the initial conditions of the networks 
do not incidentally affect the behavior of the model, but rather reveal a systematic 
method to explain certain phenomena from the literature on the mobility of agents.

An important point to note is that, in the scenario 1 model, the average series of 
the sensitivity analysis intersects with the mean effect. This gives the pattern a coun-
ter stream effect, which is even greater with higher initial conditions. This effect is 
considered within the discussion of the results.

Opening the four ideal types of the social dimension, the results show that the 
change from low to high contact regularity alters the shape of the curves, making 
them more continuous, i.e., with less breaks. In addition, the change from low to 
high trust makes the phenomenon of stream and counter stream analyzed here even 
stronger. Finally, altering the social dimension from low to high also affects the 
strength of stream and contrast, but only minimally (Fig. 6).

Discussion

Results and methodological approach

In the literature on migration, social networks play an important role [52, 55, 68]. 
However, most migration researchers (mostly residents in the Global North) adopt 
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Fig. 6   Variations of scenarios (low and high social dimension with high and low trust and low and high 
contact regularity)
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the more or less hidden assumption that migration occurs from the Global South 
to the Global North [58, 59] based on the traditional drivers of migration [54] such 
as the diversity of regions, the degree of difficulty, and economic fluctuations [49]. 
This fact has had an effect on migration theories and on the political view of migra-
tion flows, and migration research has aimed as an objective to control this flow 
from the Global South to the Global North, presenting it as humanitarian assistance, 
economic and social threat, opportunity, or security risk according to different his-
torical and political contexts [15]. The interpersonal ties have different characteris-
tics, and the network characteristics have the capacity to influence individual action 
and collective behavior. In this research, we start using several typologies of net-
works in families (scenarios 1–4), as an example of nearby groups, and more diverse 
groups who join via special ethnic linkages in our implementation, but they could 
be religious social constructions, for example. To extend this analysis, we opened 
the ideal types (scenarios 1–4) and generated hybrid scenarios by moving only one 
parameter (scenarios 5–16). The results correlate in accordance with the literature, 
as the greater the strength of the interpersonal relationship, the greater the mobil-
ity in a general form, as proposed by supposition 1. This result was expected and 
acquires another degree of significance when we observe not only the increase in 
mobility, but also the way in which this increase happens.

In addition, other forms of social networks are possible, including those based on 
different forms of communication [22, 61], particularly as communication through 
the internet affects our lives, the way we interact, and how mobility occurs [2]. 
Our results show increased mobility as the technological networks allow a cheaper 
and faster connection (supposition 2). This quantitative analysis of the relationship 
between mobility and technology in social networks complements and extends the 
qualitative analysis carried out by various authors [21, 54]. An interesting point that 
emerges from scenarios 5 to 16 is that the relationship with the intensity of the con-
tact, less or more contact, does not affect the final form of the mobility (stream and 
counter stream), but its intensity and continuity. The high cost of communication 
can be reduced to the point where mobility is no longer possible.

The current research presents this connection of social networks and technology 
as an additional form of mobility and a resilience strategy within the literature about 
a community of pastoralists. According to the main supposition, the connection of 
social and technological networks and their simultaneous interconnection allows us 
to observe, in general terms, how the greater the connection of networks, the greater 
the tendency to mobilize. This result is not surprising, as other authors have reached 
the same conclusion in other contexts [53, 54].

Mobility is a primary factor in survival [20]. However, these forms of connection 
through social networks with different configurations (families and ethnic groups) 
and technologies complement the work already completed in terms of survival strat-
egies, such as diversifying risk with social networks [32, 62, 68].

The results regarding the increment’s form of mobility are the most surprising. 
From these findings, we gain substantial knowledge about this particular model, 
as the experiments carried out by Epstein and Axtell [26] show the actors’ tenden-
cies to hibernate when they are confronted with environmental degradation. The 
presented research shows that the first move in mobility takes time, but then, the 
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individuals recover and surpass their capacities on the discovered terrain, later 
returning and stabilizing the population between the area of emission and arrival. 
We have analyzed this process as (1) wait, (2) discovery, (3) return, and (4) stabiliza-
tion. It is a process known in migration theory as stream and counter stream [49], 
where agents tend to follow known routes and, after starting to mobilize, the reasons 
for mobility disappear because of too many new arrivals. Following a reevaluation, 
finally, a counter stream occurs. The current model allows us to observe this counter 
stream, which is no longer associated with knowledge of the route, but instead with 
the strength of interpersonal ties and the technology used within the social network.

An important question is why agents start migrating later when networks are 
stronger. This is a well-working result of south–south mobility and the migration 
theory, because the research question becomes why people do not move as a form 
of paradox of staying [41], when the theory indicates that they should migrate. This 
research about Sugarscape found the same reasons associated with the paradox of 
staying [41, 74] in the same place and with strong forces of mobility as the litera-
ture: the attraction of contact groups, such as family and other interpersonal ties, is 
greater than the attraction capacity of better resources. Moreover, the strength of 
technology convinces them, at least in the beginning, and it is advantageous to stay, 
because it is familiar and has worked well for them thus far.

Advantages, disadvantages, and future orientation of the research

The objective of this study is to demonstrate the ability of agent-based modeling to 
analyze the phenomenon of mobility and migration when other quantitative research 
techniques fail. Modeling, in general, is a research methodology that has advantages 
when analyzing the situations related to mobility and migration presented in this 
study. It allows us to explore, without having to predict, situations that are plausible, 
but do not exist [24, 25]. The example used in this study is a world of ethnic tribes 
that can relate through instant social networks reminiscent of Twitter and Facebook. 
This approach also demonstrates the capacity to analyze phenomena that are dif-
ficult to observe and document empirically, as in the case of mobility and migration 
[1, 48]. The ability to run the model thousands of times with slightly different ini-
tial conditions and generate databases to analyze social phenomena such as migra-
tion and mobility makes this a promising tool for various fields of study. Finally, the 
agent-centered approach was of interest because of its capacity to introduce complex 
networks produced endogenously through direct contact with agents that adapt their 
behavior, producing results such as the non-linear movement behaviors shown in our 
model.

As it is not possible to make an exhaustive list of all the limitations of this 
approach, a list of the most important limitations of the model was created with pos-
sible courses of action for future research. The most significant limitation is based 
on the simplicity of the decision of the agents to mobilize. More complexity was 
added to the original model to achieve a qualitative improvement of this point. How-
ever, this decision includes other dimensions as for example the social and cultural 
embeddedness [41, 74], the role within a family, prestige, expected future income or 
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differences in risk propensity that have not been incorporated as the greatest effort 
was expended to create and analyze different types of networks.

There are other types of networks playing a strong role when it comes to mobility 
and migration, which do not fall within the studied categories of families and ethnic 
groups. For example, one factor in networks is the creation of companies as social 
structures through an innovation, known as a discovery, or patent. These networks in 
forms of companies that arise spontaneously have not been examined in this study 
and can surely bring a new perspective to the research of migration. The networks 
analyzed were based on the traditional forms studied within the migration literature.

The characteristics of the agents were put aside in this study as analysis of the 
networks was the priority. Analysis of the agents that decide to mobilize could be 
based on one of the classic questions in migration literature, what are the character-
istics of the people who decide to mobilize. This, in combination with other meth-
odological approaches of the quantitative analysis of social network data, and quali-
tative research is a promising approach to continue extending the relevance of ABM.

Conclusion

This study provides a detailed analysis of the effect of social and technological net-
works on the decision of a given population to move and migrate from one point to 
another in an artificial world with freedom to move and facing environmental deg-
radation. The analysis implies that the effect of both networks increases mobility 
under these circumstances. A total effect of increased migration can be observed 
along the supposition that the greater the connection, the greater the effect. This is 
well in line with previous research results finding that social networks diversify the 
risks of mobility. Networks facilitate mobility that can act as an adaptation strategy 
to environmental degradation and increase resilience. Especially, the impact of new 
technologies facilitates mobility as shown in our results, which puts an emphasis on 
the utility of cellular phones in a pastoralism context.

The most interesting result is not the increase itself, but the way this increase 
occurs. In this investigation, the agents were in one of two zones that concentrate 
resources, leaving the other zone to be discovered by the agents. This is unlike the 
original Sugarscape model where the actors are distributed throughout the artificial 
world. It was discovered through this research that the differences between the net-
works cause a certain series of phases that can be summarized as (1) wait, (2) dis-
covery, (3) return, and (4) stabilization. Interestingly, the strength of the networks 
not only causes increased mobility, but also generates an increase in the speed and 
strength in which these four effects occur, resulting in a similar approximate bal-
ance. The faster and stronger the effect, the greater the return effect. This is known 
in the literature of migration as stream and counter stream effect.

This research contributes primarily with its inter-disciplinary approach to connect 
networks, pastoralism, and agent-based modeling and thereby possible analysis of the 
effects of different networks on the agents’ mobility in a herder’s context. The results 
could influence at least three clusters of scientific literature. The first and most direct is 
the literature on social and technological networks. The results presented here extend 
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the knowledge regarding the positive effect of social and technological networks and 
their non-linear character on decisions of mobility and migration, especially in a pasto-
ralism context. The second field is agent-based modeling in general, and the literature 
on the Sugarscape model in particular. It demonstrates how to move forward with an 
artificial world through an unplanned extension of the original model. The questions 
left open by Epstein and Axtell [26] regarding the effect of environmental degrada-
tion on agents was expanded to overcome the initial immobility and show mobilization 
as adaptation instead. The third possible field of literature is the simulation of ancient 
worlds [29], and more specifically hunter-gatherer societies [5, 6]. There may be situa-
tions in which this model could be adapted with minor changes to a specific geographic 
location in the past.

Appendix

This appendix details here the second set of results with the technological dimension 
(communication cost and response delay) broken down as the scenarios 5–12 are pre-
sented. This results in four scenarios, labeled as follows: low communication cost = 0 
sugar, high communication cost = 2 resources units, low response delay = 1 tick, and 
high response delay = 5 ticks. See Fig. 7.
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Fig. 7   Variations of scenarios (low and high communication cost with low and high response delay)
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